Previous findings that skill learning is associated with the formation and preferential stabilization of new dendritic spines in cortex have raised the possibility that this preferential stabilization is a mechanism for lasting skill memory. We investigated this possibility in adult mice using in vivo two-photon imaging to monitor spine dynamics on superficial apical dendrites of layer V pyramidal neurons in motor cortex during manual skill learning. Spine formation increased over the first 3 days of training on a skilled reaching task, followed by increased spine elimination. A greater proportion of spines formed during the first 3 training days were lost if training stopped after 3, compared with 15 days. However, performance gains achieved in 3 training days persisted, indicating that preferential new spine stabilization was non-essential for skill retention. Consistent with a role in ongoing skill refinement, the persistence of spines formed early in training strongly predicted performance improvements. Finally, while we observed no net spine density change on superficial dendrites, the density of spines on deeper apical branches of the same neuronal population was increased regardless of training duration, suggestive of a potential role in the retention of the initial skill memory. Together, these results indicate dendritic subpopulation-dependent variation in spine structural responses to skill learning, which potentially reflect distinct contributions to the refinement and retention of newly acquired motor skills.
Introduction
While it is generally well accepted that major behavioral changes must reflect altered neural activity patterns, the nature of the synaptic changes supporting these alterations is poorly resolved (Chen, Lu, & Zuo, 2014; Gipson & Olive, 2017; Kolb & Wishaw, 1998; Makino, Hwang, Hedrick, & Komiyama, 2016) . Repeatedly imaging synaptic elements over time in vivo, including the dendritic spines which form the majority of excitatory synapses in the brain (Bourne & Harris, 2008; Harms and Dunaevsky, 2007; Yuste & Bonhoeffer, 2004; Yuste & Denk, 1995) is powerful for revealing interrelationships between synaptic and behavioral change. Using transcranial two-photon imaging in transgenic mice expressing fluorescent proteins in cortical neurons, spine dynamics on superficial dendrites within the first several hundred microns of cortex can be monitored over time as an animal learns. In naive adult mouse cortex, spines are remarkably stable, with as little as 10% of spines turning over within a two-week period (Grutzendler, Kasthuri, & Gan, 2002) . The extent of structural stability is thought to reflect the stability of synaptic connections in the mature brain. However, mice retain the ability to learn new tasks throughout their lifespan (Tennant et al., 2012) , and this new learning presumably reflects modifications in synaptic connections. Motor skill learning, even in aged mice, results in reorganization of movement representations in motor cortex (Tennant et al., 2012) . Similarly, in adult rats, regions in which movement representations have reorganized in response to motor skill training have been found to have increased quantities of synapses in layer V compared with untrained controls (Kleim et al., 2002) .
Previous studies have examined how motor skill training affects synaptic plasticity in the motor cortex over time in vivo (Chen et al., 2014; Fu, Yu, Lu, & Zuo, 2012; Harms, Rioult-Pedotti, Carter, & Dunaevsky, 2008; Padmashri, Reiner, Suresh, Spartz, & Dunaevsky, 2013; Reiner & Dunaevsky, 2015; Xu et al., 2009; Yang, Pan, & Gan, 2009) . Training mice on a novel manual (skilled reaching) task promotes immediate formation followed by selective elimination of dendritic spines on the apical branches of layer V pyramidal neurons in the motor cortex contralateral to the trained forelimb (Xu et al., 2009) . A similar pattern of increased spine formation followed by increased elimination has been found in mice trained on an accelerating rotorod (Yang et al., 2009 (Yang et al., , 2014 . Continued training on either task is associated with an increase in the proportion of new spines that persist compared with new spines in untrained controls (Xu et al., 2009; Yang et al., 2009 ). These findings have raised the possibility that the preferential stabilization of the spines that are formed during learning is a mechanism for the long-term retention of motor skills (Xu et al., 2009; Yang et al., 2009 ), but this possibility had not been directly tested. The main goal of the present study was to test the hypothesis that the longterm retention of motor skills is dependent upon the preferential stabilization of apical dendritic spines that are formed during the process of acquiring those skills.
An additional goal of the present study was to investigate the possibility that patterns of spine change may vary between superficial and deeper dendrites. Numerous examinations of spine turnover on superficial dendrites in various regions of the cortex have yet to reveal net changes in spine density over time (Holtmaat, Wilbrecht, Knott, Welker, & Svoboda, 2006; Trachtenberg et al., 2002; Xu et al., 2009; Yang et al., 2009 ). This contradicts findings of learning-related changes in spine densities on various dendritic populations of Golgi-stained pyramidal neurons in the motor cortex of rats (Greenough, Larson, & Withers, 1985; Withers & Greenough, 1989; Wang, Conner, Rickert, & Tuszynski, 2011) and nonhuman primates (Nudo, Milliken, Jenkins, & Merzenich, 1996) , as well as transmission electron microscopy evidence of increases in synapse quantities in the same species (Adkins, Bury, & Jones, 2002; Jones, Klintsova, Kilman, Sirevaag, & Greenough, 1997; Kleim et al., 1998 Kleim et al., , 2002 Kleim, Jones, & Schallert, 2003) . Besides the species differences, a major difference between these two sets of studies has been the dendritic subpopulations examined. Most in vivo analyses of spine density have been restricted to the first several hundred microns of superficial cortex, which contains fanlike dendritic arbors of pyramidal neurons called apical tufts that extend into layer I of cortex. Most histological studies have focused on deeper dendrites, primarily those located within layers II/III and V. We therefore sought to clarify whether spines on different subpopulations of dendrites of the same neuronal population respond differently to manual skill learning.
Methods

Subjects
Eighteen male C57/BL6 Yellow Fluorescent Protein (YFP)-H line transgenic mice (B6/Cg-Tg (thy-1 YFPH) 2Jrs/J) expressing YFP in a subset of layer five pyramidal neurons (Feng et al., 2000) and 5 male wild type C57/BL6 mice were used. All animals were bred at the Animal Resource Center at the University of Texas at Austin (ARC) and were between 4 and 5 months old at the time of cranial window implantation (M ± SE weight, 24.69 ± 0.64 g). Mice were placed into one of three groups that underwent: (1) training for 15 consecutive days (Trained 15D, n = 5), (2) training that stopped after 3 days (Trained 3D, n = 5) or (3) no-training control procedures (Control, n = 5). The timeline of experimental procedures is summarized in Fig. 1 .
Three mice with extremely dense labeling of YFP and two mice that died during early imaging sessions were omitted from the experiment. Of the remaining 15 YFP expressing mice, data from the last imaging session of 3 mice (n = 1 per group) were not available due to issues with window clarity or altered fluorescence. The wild type mice were used to corroborate the behavioral results of the Trained 3D condition. Mice were housed in groups of two to four on a 12:12 h light/dark cycle and received food and water ad libitum prior to behavioral testing. Each cage had standardized supplementation including wooden toys, bedding and polyvinyl chloride pipes which were replaced weekly. During behavioral procedures, mice were placed on scheduled feeding (2.5-3 g food once per day) to avoid satiation during behavioral training. Body weights were not permitted to fall below 90% of free feeding weights (M ± SE body weight: 21.91 ± 0.49 g, over the experimental time course). All animal use was in accordance with a protocol approved by the Animal Care and Use Committee of the University of Texas at Austin.
Cranial window implantation
Mice were anesthetized with ketamine (4 mg/kg, i.p.) and xylazine (3 mg/kg, i.p.). Dexamethasone (2 mg/kg, i.p.) and carprofen (2.5 mg/ kg, i.p.) were administered to help minimize cortical swelling during surgical procedures. Booster injections of ketamine (50 mg/kg) were given as needed to maintain anesthetic plane. Following midline incision, a 3 mm circular region was thinned using a high-speed dental drill and a 0.5 mm drill bit, and skull was removed leaving dura intact. Saline was frequently applied to protect the brain from overheating. Skull was then replaced with a thin No. 1 coverglass (Warner Instruments, #64-0720) and sealed with cyanoacrilade (3M Vetbond Tissue Adhesive, #1469) and dental cement. All windows were made over the forelimb area of the right motor cortex as defined previously from intracortical microstimulation mapping experiments (Tennant et al., 2011) . Briefly, windows were placed approximately 2 mm rostral to bregma and 0.5 mm lateral to midline. Following surgery animals were given buprenorphine (3 mg/kg, s.c.) for pain management and allowed to recover in their cage for three weeks with food and water ad libitum prior to behavioral procedures. For the first week, animals were given daily injections of carprofen (2.5 mg/kg, i.p.) to help minimize inflammation following surgery. A three week recovery period was chosen to ensure that spine dynamics were unaffected by any residual inflammation from surgery (Xu, Feng, Guang, & Gan, 2007) .
Behavioral training
Mice were trained on a skilled reaching task, the Pasta Matrix Reaching Task, as previously described (Ballermann, Metz, McKenna, Klassen, & Whishaw, 2001; Tennant et al., 2012) . Briefly, mice were trained to reach for and break small pieces of uncooked capellini pasta (3.2 cm in height and 1 mm diameter; DeCecco brand, Fratelli De Cecco di Filippo Fara San Martino S.p.A., Italy), arranged vertically in a matrix outside of the chamber opening (Fig. 2) . In order to successfully retrieve a pasta piece, mice needed to reach outside of the chamber opening, grasp the pasta and break it by pulling it. Pasta pieces were not replaced once broken, such that on each successive attempt animals were required to change the reach trajectory in order to obtain the next piece of pasta.
Reaching practice was restricted to the animal's left forelimb, contralateral to cranial window implantation. For shaping, animals were given small pieces of pasta on the chamber floor, too small for pasta handling (Xu et al., 2009 ) and encouraged to reach towards a matrix of pasta that was placed just outside the chamber opening. To ensure that animals did not reach with their right forelimb, pasta was arranged in matrix positions on the right hand side of the chamber opening only. Given that practice in pasta handling alone can increase spine turnover in motor cortex of young animals (Xu et al., 2009 ), a strict criterion for the cessation of shaping was used to minimize its contribution to training effects on spine turnover. Training commenced once the animal made a total of five reach attempts or was able to break two pieces of pasta.
Training procedures lasted for either 3 (Trained 3D) or 15 days (Trained 15D). Each day, mice were placed in the chamber for either 15 min or until they made 100 reach attempts. Mice in the Trained 3D condition received control procedures for the remaining eleven days, followed by a final test on day 15 to probe for reaching performance.
Control procedures consisted of placing animals into reaching chambers without a pasta matrix, but with small pasta pieces (too small for pasta handling) on the chamber floor at the same time and for the same duration that a yoked mouse was being trained on the Pasta Matrix Reaching Task (Tennant et al., 2012) .
In vivo imaging of dendrites
Animals were anesthetized with 1.5-2.5% isoflurane and inserted into a custom made stereotaxic apparatus fitted with a headbar to minimize breathing artifact. All images were gathered within the caudal forelimb area (CFA) of the motor cortex defined in a previous intracortical microstimulation study (Tennant et al., 2012) . The localization of sample sites across imaging sessions was guided by superficial vascular landmarks (Fig. 1B ). Images were acquired using a Prairie Ultima standard two-photon microscope with a Ti:Sapphire laser tuned to 920 nm (YFP) at low laser power (∼30 mW) to minimize phototoxicity. Laser power was adjusted through a Pockels cell in order to obtain near identical fluorescence at each imaging location and across imaging days. High-resolution three dimensional image stacks (Fig. 1D) were gathered between 50 and 200 µm from the pial surface using a water immersion objective (40x, 0.8NA, Olympus) and a digital zoom of 4X. Image stacks consisted of 150-200 optical sections spaced 0.7 µm apart covering an area of 240 µm × 240 µm (512 × 512 pixels, 0.13 µm/pixel). Four to five image stacks spaced 250 µm apart in any direction and containing at least ten dendrites with visible spines were obtained for each animal. Animals received two baseline imaging sessions spaced five days apart, with the second imaging session following the second shaping day but prior to the onset of formal behavioral training. Animals were imaged on training days 3, 6, 10 and one day following the final training session (on day 16).
Spine dynamics analyses
All analyses of dendritic spine turnover and spine density were performed blind to experimental condition. For analysis of in vivo spine dynamics a total of 8-10 dendritic segments per image stack, each at least 20 µm in length, were analyzed (∼150-250 spines per animal) using ImageJ (Rasband 1997 (Rasband -2016 . Spines were considered to be the same between imaging sessions based on their relative position to adjacent dendrites and spines. Only dendrites parallel to the imaging plane in both views were used for analyses to minimize possible rotational artifacts, and dendrites containing saturated pixels were excluded. If the distance between a given spine and adjacent landmark was more than 0.7 µm from its relative position in the previous image, it was counted as different, a distance chosen based on both the resolution of the two-photon microscope (∼0.7 µm) and previous reports that spines can move up to 0.3 µm in either direction due to changes in spine morphology, slight rotation of the head, or breathing artifact (Grutzendler et al., 2002) . Spine turnover was measured by comparing dendritic protrusions in the image being analyzed to those in the previous imaging session. A spine was counted as stable if it appeared in both the previous imaging session and the one being analyzed, as newly formed if it was only present in the image being analyzed, and as eliminated if it was visible in the previous imaging session but not the one being analyzed. Filopodia, defined as long dendritic protrusions with no head, were rarely observed and excluded from analyses of spine turnover (Padmashri et al., 2013) . The percentage of spine formation and elimination was calculated as the number of spines gained or lost divided by the total number of stable spines in the analyzed imaging session (Xu et al., 2009) . Analyses were performed on raw unprocessed image stacks but for presentation purposes, images are shown as maximum intensity projections consisting of 5-10 optical sections with median and Gaussian filters applied.
Histological preparation and spine density analysis
Mice were overdosed with a lethal injection of sodium pentobarbital and transcardially perfused with 0.1 M phosphate buffer (PB) saline and 4% paraformaldehyde two weeks following the final imaging time 
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Neurobiology of Learning and Memory 152 (2018) 50-60 point. The two week delay was to ensure that any training effects on spine density could conceivably be related to skill retention. Coronal sections (50 µm) were cut using a Leica VT1000S vibratome and mounted on slides for subsequent analysis of spine density on YFP + pyramidal neurons using confocal microscopy. Image stacks were acquired using the confocal mode on the two-photon microscope. The dichroic mirror was replaced with a lens tuned to 488 nm (FITC) and image stacks containing apical dendritic branches within layer I (≤200 µm from the surface) and layer II/III (between 200 and 400 µm from the surface) of motor cortex were gathered using a water immersion objective (40x, 0.8NA; Olympus). All spine density analyses were performed using Image J software. For layer II/III dendrites, a total of ten apical dendrites measuring at least 50 µm in length within cytoarchitectural motor cortex boundaries were sampled per hemisphere in each animal (Tennant et al., 2011) . For layer 1 dendrites (the sample region for in vivo imaging) we took a slightly more liberal approach due to observed mechanical damage (presumably from sectioning) of this sampling region in several animals. Between 8 and 10 dendrites per hemisphere per animal measuring at least 35 µm in length were analyzed. Data from one animal in the Trained 3D group had to be omitted from spine density analyses due to tissue damage incurred at the time of extraction. Data from an additional 3 animals (n = 2 Trained 15D, n = 1 Trained 3D) had to be omitted from the layer 1 measures due to an inability to localize a sufficient sample of intact dendrites of this length. For all dendritic analyses, spines along the length of measured dendrite were manually counted, and density was calculated as total spines per length of dendrite.
Statistical analyses
All statistical analyses were performed using the SPSS software package. Paired and independent samples t-tests were used for within and between group examinations of behavioral performance on the pasta matrix reaching task respectively. Repeated measures analyses of variance (ANOVAs) were used to examine group differences in spine measures over time in trained animals versus controls and between the two training durations, and the Shapiro-Wilks test was used to check for normality. When warranted by significant Group by Day interactions, post hoc group comparisons per time point were performed using HolmBonferroni corrected t-tests. The last imaging time point (Day 16) was omitted from the ANOVAs because of animal attrition at this time point, and instead, within-animal comparisons between Day 16 and pretraining time points were analyzed with t-tests. Day 16 was also counted as a comparison in the Bonferroni-Holm's correction when post-hoc tests per time point were warranted by ANOVA results. Pearson correlations were used to probe for relationships between behavioral and new spine survival. Paired t-tests were used to probe for within-animal differences in layer II/III spine density in trained compared to untrained motor cortices.
Results
Manual skill training increased dendritic spine turnover
In adult mice, spines along the superficial dendrites of YFP-labeled pyramidal neurons have been found to be remarkably stable, with only ∼3% of spines forming and disappearing over a one-week period (Grutzendler et al., 2002) . We found that over 3 days of training on a skilled reaching task (Fig. 2) spine formation in adult animals more than doubled compared to baseline (Fig. 3A) . Prior to training, the M ± SE percentage of new-to-pre-existing spines was 3.0 ± 0.3, which increased to 7.2 ± 0.3 after 3 days of training, whereas in untrained controls there was minimal change in the percentage of new-topre-existing across the same time points (3.2 ± 1.3 and 3.0 ± 1.2, respectively; Fig. 3B ). The increase in spine formation in trained animals was followed by an equal and opposite increase in spine elimination by day 6 of training. Spine formation and elimination returned to baseline levels for the remainder of the training period, and there was no net change in spine density by either of the final two imaging sessions. Animals that received no-training control procedures showed minimal changes in spine turnover across the same imaging intervals (Fig. 3B) . In repeated measures ANOVAs for the Trained 15D group compared with Controls, there was a main effect of time on both spine formation (F (4, 24) = 11.85, p < .001) and spine elimination (F (4, 24) = 12.99, p < .001), as well as a significant group by time interaction for both (formation: F (4, 24) = 13.05, elimination: F (4, 24) = 13.05, p's < .001), indicating that group differences depended on the time point.
Among the groups receiving either 3 or 15 days of training, behavioral performance in the first three days of training was similar (Fig. 2B) as were patterns of spine turnover ( Fig. 3C and D) . There was a significant main effect of time on both formation (F (4, 24) = 36.39p < .001) and elimination (F (4,24) = 51.34, p < .001) but no group by time interaction (Fig. 3B , Formation: F (4,24) = 0.143; Elimination: F (4,24) > 1.97, p's > 0.05), indicating that both groups show similar rates of spine turnover across time points.
Similar results have been found in adolescent mice receiving training on a skilled reaching task; however the rates of spine turnover were much higher and increases were observed as quickly as one hour after the first training session (Xu et al., 2009 ). We imaged a subset of trained animals (n = 3) after the first day of training and found no change in spine turnover compared to baseline turnover rates (t (2) = 3.00, p > .05; M ± SE% turnover at baseline: 3.50 ± 0.15 formation, 2.77 ± 0.58 elimination; on training day 1: 3.27 ± 0.15 formation, 3.28 ± 0.14 elimination). Together, these results indicate that novel 
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Preferential stabilization of new spines, but not newly learned skill, depended on continued training
Spines formed during acquisition of a fine motor skill task in juveniles have been found to persist in much higher proportions over a period of continued training than do new spines in untrained controls, consistent with the possibility that the preferential stabilization of newly formed spines is a mechanism that contributes to retention of newly acquired skill (Xu et al., 2009) . We tracked the fates of newly formed spines (Fig. 4A ) and found that in animals with ongoing training new spines that appeared by day 3 persisted in much greater proportions at later time points than did newly formed spines in controls over the same time span (Fig. 4B) . In contrast, spines that were present prior to the onset of training were more likely to disappear over the same time period in trained animals than in controls (Fig. 4C) . In both groups, new spines disappeared in greater proportions than pre-existing spines, but the relative proportion of new spines that persisted was doubled in animals with continued training (Fig. 4D) . Repeated measures ANOVAs of the fates of new and pre-existing spines after day 3 revealed significant effects of Group (Trained 15D versus Control, F's (1, 8) = 13.94 and 26.03, respectively, p's < .001) but no Group by Time interactions. By day 16, the proportions of persisting new and pre-existing spines continued to be significantly greater in the Trained 15D group compared with controls (p's < .03). These results support that, as with juveniles, fine motor skill learning in adults is associated with the preferential stabilization of spines that are formed early in the process of skill acquisition on the superficial dendrites of layer V pyramidal neurons.
We next asked whether continued training was necessary for the preferential stabilization of newly formed spines. In a subset of animals, we stopped training procedures after day 3 (Trained 3D), the peak of spine formation, and followed the fates of newly formed spines over the next two weeks (Fig. 4A) . The percentage of new spines that remained after day 3 was greatly reduced in animals that stopped training compared to those with continued training (ANOVA Trained 15D vs. Trained 3D Group effect: F (1, 8) = 70.94, p < .0001). The Trained 3D group showed a similar pattern of increased spine formation followed by increased spine elimination (Fig. 3C and D) , including increased elimination of pre-existing spines (Fig. 4C) , as those trained for 15 days, but in the absence of further training, the newly formed spines were not preferentially stabilized, disappearing at very high rates similar to controls (Fig. 4B) . These results support that the preferential stabilization of new spines that are generated early in training is dependent on continued skill practice Unlike the stabilization of new spines, the persistence of skills learned in the early training period was not dependent on continued practice. When tested after 12 days of no-training control procedures, briefly trained mice performed as well as they did on day 3 as measured by the number of pasta pieces retrieved ( Fig. 2B ; t (4) = 2.78, p = .24). Performance improvements similarly endured in a group of wild type mice that underwent the same brief training procedure (Suppl. Fig. 1 ). While the difference between the two training groups at day 15 in the number of pasta pieces retrieved failed to reach significance (t (8) = Fig. 3 . Skill training increased spine formation and subsequent elimination in trained motor cortex. (A) M ± SE rate of spine turnover throughout the period of training on the pasta matrix task. In animals trained for 15 days (Trained 15D), spine formation increased over 3 days of training compared to baseline ( ** p < .001) and was followed by an equal and opposite increase in spine elimination by day 6 ( ** p < .001 versus baseline). Turnover rates returned to baseline levels by day 10.
(B) There was little variation in the rate of spine turnover during the same time course in untrained controls. (C-D) The pattern and rate of spine turnover was comparable in animals that were trained for 3 days (Trained 3D) and 15 days. The data from the Trained 15D group in (C) and (D) are the same as that shown in (A).
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Fig. 4. Newly formed spines were preferentially stabilized by continued training. (A) Examples of spine dynamics from animals receiving 15 and 3 days of training. Similar rates of spine formation ("New") were found across training conditions on day 3. On subsequent days newly formed spines were more likely to remain ("Persisting") in animals with ongoing training and more likely to disappear in animals that stopped training. Scale bar = 2 µm. (B) The proportion of new spines generated by the third training day that persisted to the final imaging time point was significantly greater in the Trained 15D group compared to both controls and the Trained 3D group. (C) Pre-existing spines were more likely to disappear in Trained 15D versus Control, but the two training duration groups lost pre-existing spines in similar proportions that were not significantly different. Note the difference in scales between (B) and (C). (D) The Trained 15D group showed the greatest new spine persistence in proportion to pre-existing spine persistence compared to both Trained 3D and Control groups. (E) Despite high rates of new spine elimination, the Trained 3D group had a significantly increased relative quantity of persisting new spines compared with controls on days 10 and 16 (p's ≤ .017), though these quantities were diminished relative to the Trained 15D group. 
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Neurobiology of Learning and Memory 152 (2018) 50-60 2.30, p = .062), the efficiency with which mice retrieved pasta, as measured by the % retrievals per reach attempt, was significantly improved with continued training (Suppl. Figs. 2 and 3) . Nevertheless, gains in reaching efficiency that were achieved by the third training day also endured in the absence of continued training (Suppl. Fig. 3B ). These results indicate that the persistence of skill learned during the early training period did not depend on the preferential stabilization of spines that were formed during that period.
Training increased the population of persisting new spines without preferential stabilization
The major increase in spine formation in the first three training days could be expected to increase the total population of persisting new spines relative to controls even in the absence of their preferential stabilization. We estimated new spine quantities as a relative factor of total spines counted at baseline to account for variability in the number of spines sampled between animals (Fig. 4E) . Mice with 3 days of training had relative quantities of persisting new spines that were intermediate between those of controls and mice with 15 days of training. In comparing mice with 3 versus 15 days of training, there was a significant effect of Group on the relative quantities of new spines that persisted on days 6 and 10 (F (1, 8) = 5.51, p = .04). By day 16, the relative quantities of new spines continued to be significantly increased in the Trained 15D group compared with the Trained 3D group (p = .027). Both training durations, however, had increased relative quantities of persisting new spines compared with controls (ANOVA Group effects, Trained 15D vs. Control: F (1, 8) = 35.41, p < .001, Trained 3D vs. Control: F (1,8) = 31.90, p < .001). Thus, while the present results indicate that the endurance of newly learned skill cannot be attributed to preferential stabilization of new spines, it remains possible that the persistence, after training stopped, of a modest proportion of the new spines that were formed early in training contributed to the endurance of skills learned in the same time period.
Persisting new spines predicted performance gains
To probe whether preferential new spine stabilization was associated behavioral improvement, we analyzed the relationship between the proportion of persisting new spines and performance gains between days 3 and 15, as measured by the difference in pasta pieces broken. Performance gains were positively correlated with the % of new spines formed on day 3 that were still present on days 10 (r = 0.82, t (8) = 4.18, p = .015; Fig. 5A ) and 16 (r = 0.87, t (6) = 4.33, p = .004), indicating that the stabilization of the spines that were formed during the first 3 days of training is associated with subsequent improvements in behavioral performance. These performance gains were similarly correlated with relative quantities of new spines remaining on day 10 (r = 0.84, t(8) = 4.44, p = .002; Fig. 5B ). These results indicate that both the preferential stabilization and the persisting quantity of new spines that are formed on superficial dendrites of layer V pyramidal neurons early in the process of acquiring a new motor skill are associated with skill refinement.
Skills training induced subpopulation-specific increases in dendritic spine density
While training was associated with a significant increase in spine formation and subsequent elimination on the superficial apical branches of layer V pyramidal neurons in motor cortex in vivo, rates of formation and elimination were nearly equal, and thus no net change in spine density was observed. The absence of net changes in spine quantities on these dendrites has been consistently reported in in vivo imaging studies (Grutzendler et al., 2002; Trachtenberg et al., 2002; Zuo, Lin, Chang, & Gan, 2005) but it contradicts reports of training induced alterations in spine density on dendrites that are deeper in the cortex (e.g., Greenough et al., 1985; Withers & Greenough, 1989; Wang et al., 2011) . We examined the possibility that this contradiction reflects dendritic subpopulation-dependent variation. In the same mice imaged in vivo, we histologically examined spine density on the apical branches of YFP expressing layer V pyramidal neurons within layers I and layer II/III of motor cortex using confocal microscopy ( Fig. 6A and  B) . Consistent with the in vivo results, spine density in layer I was found to be similar in the trained and untrained hemispheres of both groups ( Fig. 6C ; Trained 15D, t (2) = 4.30, p = .49; Trained 3D, t (2) = 4.30, p = .90). In contrast, spine density in layer II/III was significantly greater in the trained compared to the untrained hemisphere in both training groups ( Fig. 6D ; Trained 15D, t (4) = 2.78, p < .01; Trained 3D, t (3) = 2.41, p < .01). These results suggest that there are dendritic subpopulation-specific structural responses to training, which can explain differences between in vivo and fixed tissue results. That spine density was similarly increased in the Trained 3D group versus Trained 15D group (t (7) = 1.93, p = .98, Fig. 6D ) is also generally consistent with the possibility that the net increases in spine density on this dendritic subpopulation could be a structural mechanism for long-term retention of the skill that was learned within 3 training sessions. 
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Discussion
Previous findings have raised the possibility that the preferential stabilization of new dendritic spines that are formed early in the process of learning a new motor skill in superficial motor cortex could be a mechanism contributing to lasting memory for that skill (Xu et al., 2009; Yang et al., 2009) . Newly formed spines tend to be transient, disappearing in much greater proportions than do pre-existing spines (Chen et al., 2014) . In mice trained in a skilled reaching task (Xu et al., 2009) or on an accelerating rotarod (Yang et al., 2009) , the spines that are formed early in training during a period of increased spine turnover persist in greater proportions than do new spines in untrained controls, supporting that new spines are preferentially stabilized during motor skill learning. Whether this new population of stabilized spines was necessary for long-term retention of the newly acquired had not been determined. In the present study, by examining the maintenance of newly formed spines in mice with ongoing training compared to mice that were only briefly trained, we found that continued training is required for the preferential stabilization of spines that are formed in response to the initial training. In proportions and relative quantities, stabilized new spines were correlated with the magnitude of performance improvements between the third and final training sessions. However, the preferential stabilization of new spines could not have been essential for the retention of the new skill because mice in the briefly trained condition maintained the skill that they learned while losing new spines in proportions similar to untrained controls. A summary of these experimental results is shown in Fig. 7 .
Motor skill learning involves the acquisition of complex movement combinations that are refined with practice and retained for long time periods (Luft & Buitrago, 2005) . Across training sessions, motor skill learning curves are characterized by an early phase of rapid performance improvements followed by a period of more gradual improvements (Diedrichsen & Kornysheva, 2015; Karni et al., 1998; Kleim et al., 2005; Kleim, Lussnig, Schwarz, Comery, & Greenough, 1996; Luft & Buitrago, 2005) . In the present study, the end of the brief training period was near the end of this early phase of rapid performance improvements (∼ the first 4 days), which was also during the period of increased spine formation. This was followed in both training groups by an equal amount of spine elimination. However, in mice with continued training, new spines survived this elimination process in almost twice the proportion as did the new spines of mice that had ceased training. The stabilization of new spines during motor skill learning is associated Neurobiology of Learning and Memory 152 (2018) 50-60 with increases in their size (Fu et al., 2012) , and spine size reflects the strength of the synapse (Hofer, Mrsic-Flogel, Bonhoeffer, & Hübener, 2009; Roberts, Tschida, Klein, & Mooney, 2010; Yasumatsu, Matsuzaki, Miyazaki, Noguchi, & Kasai, 2008) . Thus, spine stabilization can reflect synapse maturation. Since the survival and maturation of synapses is neural activity-dependent (Katz & Shatz, 1996; Marrs, Green, & Dailey, 2001; Star, Kwiatkowski, & Murthy, 2002; Wong & Ghosh, 2002; Yasumatsu et al., 2008) , it seems likely that the preferential survival of nascent spines only in mice with continued training reflects that these spines were sufficiently activated to promote the maturation of their synapses as the animals practiced, and continued to subtly improve performance in the reaching task. Given its dependency on continued training and correlation with performance improvements, the overall pattern of the present results is consistent with a greater involvement of the preferential stabilization of new spines in ongoing skill refinement than in the memory of the skill that was learned as the new spines were formed. This obviously does not rule out that the modest proportion of new spines that persisted in the absence of continued training contributed to memory for skill learned in the early training period. It also does not rule out a contribution of the preferential stabilization of this population of spines in skill memory. In the process of learning motor skills, the more subtle performance improvements that occur after the early learning phase presumably reflect the accumulation of subtle refinements in movement strategy, which depend on retention of those refinements that were established before. It may very well be that the preferential stabilization of new spines is involved in this accumulated memory of skill refinements in the gradual learning phase.
About a third of new spines that appear during the early learning phase form in clusters, and such clusters are more likely to persist with prolonged training compared to individual spines (Fu et al., 2012) . Formation of new spine clusters over 4 days depends on task practice, and successive new spines accompany strengthening of the first spine in the cluster (Fu et al., 2012) . Thus, it may be the stabilization of the new spine clusters specifically, rather than newly formed spines in general, that is associated with improvements in motor performance. Consistent with this, fmr1 knockout mice (a fragile x syndrome model) have more limited performance improvements with ongoing motor training compared with wildtype mice (Padmashri et al., 2013) as well as reduced spine formation and clustering, but they do not have reductions in the proportions of new spines that are stabilized (Reiner and Dunaevsky, 2015) . Thus, the greater spine stabilization that was associated with performance improvements in our study was potentially mediated by repeated practice-dependent activation of newly formed spine clusters (Fu et al., 2012; Kasai et al., 2010) .
We also found that spine changes varied between the superficial and deeper dendrites of layer V pyramidal neurons. Similar to previous studies (Holtmaat et al., 2006; Trachtenberg et al., 2002; Xu et al., 2009; Yang et al., 2009) we found no net change in spine density on the superficial apical dendrites of layer V pyramidal neurons imaged in vivo. Histological analyses of this superficial population of dendrites confirmed a lack of net change in spine densities between the trained and untrained hemispheres. In contrast, we found that spine density on deeper apical dendrites within layer II/III was increased in the trained compared with untrained motor cortex. These results indicate variation in the structural effects of skill learning even across nearby dendritic subpopulations of the same neuronal population. Such variation is not surprising in the context of abundant fixed-tissue evidence for laminar specific (Adkins et al., 2002; Uylings, Kuypers, Diamond, & Veltman, 1978; Wang et al., 2011) and neuron population specific (Uylings et al., 1978; Wang et al., 2011; Withers & Greenough, 1989 ) dendritic structural plasticity in response to various manipulations of behavioral experience in rats. Motor skill training in rats also affects the structure of different pyramidal neuron populations differently (Kleim et al., 2002; Greenough et al., 1985; Withers & Greenough, 1989) . Wang et al. (2011) have found that skilled reach training in rats induces distinct structural plasticity in different subsets of the same neuronal population (layer V apical versus basilar dendrites). The pattern of structural changes across subpopulations of pyramidal neurons and their dendrites also vary with different motor tasks (Kolb, 2008) . Some differences in how spine dynamics on the superficial apical branches of layer II/III (Ma et al., 2016) versus layer V (Yang et al., 2014) pyramidal Fig. 7 . Illustrative summary of experimental results. In adult mice, in the early phase of learning a new motor skill there are increases in spine formation on layer I apical branches in trained motor cortex. Upon continued training, the new spines are preferentially stabilized, which is predictive of performance improvements, and this occurs at the expense of pre-existing spines such that the relative spine density remains unchanged. In the absence of continued training, new spines are more likely to disappear, but the skill that was learned earlier does not. The early phase of learning also increases the density of spines on apical dendrites in layer II/III (although when that occurs is unknown) and this increase does not depend on continued training. neurons of mice are affected by rotorod or treadmill training have also been reported. Thus, evidence from histological and in vivo studies converge to support that dendritic structural responses to skill learning vary across different dendritic subpopulations of motor cortex.
That spine densities within layer II/III were similarly increased in both training groups, as assessed two weeks after the final (Day 15) training session is generally consistent with the potential involvement of this structural change in the persistence of skill that was learned during the initial training period. However, because measurements of spine density were assessed histologically, the time course of the spine addition remains unknown, and it is also possible that there were earlier differences in spine densities between the two training groups that were missed. However, Gloor, Luft, and Hosp (2015) have found that the basilar and apical dendrites of layer V pyramidal neurons in rats continue to increase in length after skilled reach training stops, peaking one month after the end of training and shrinking thereafter. Therefore, it is possible that the observed increases in spine density would not have been as evident earlier and also that they may in fact return to baseline levels at later time points after the end of training.
Superficial dendrites have not been a popular choice as the focus of histological analyses, possibly due to challenges related to the high density of dendrites in superficial cortex and its tendency to accrue damage during histological tissue processing. For in vivo imaging, the clarity with which superficial dendrites can be visualized with two photon microscopy to enable real time assays of experience-induced synaptic plasticity is compelling of the focus on this population. Still, the exact functional relevance of the observed structural changes remains poorly understood. Here we have shown that while motor skill learning is associated with the formation and preferential stabilization of new spines on superficial dendrites of layer V pyramidal neurons, the latter is not required for the retention of the newly acquired skill. Instead, the degree to which new spines are preferentially stabilized could reflect the degree to which the process of skill mastery continues. In addition, we found strikingly different structural responses to skill learning on dendrites slightly deeper in cortex. In layers II/III, but not in layer I, spine densities on apical dendrites of layer V pyramidal neurons increased, similarly so in mice with brief or more prolonged training, indicating that spine changes even on the same dendritic population can vary greatly with dendritic location, and that net increases in spines on the deeper subpopulation is potentially a structural substrate for the long-term retention of skills acquired early in training.
Motor skill learning involves the generation of complex movement patterns that are learned with repeated practice. Mastery of a motor skill is reflected in increases in efficiency and accuracy of the movements (Diedrichsen & Kornysheva, 2015) . This complex learning process is likely the product of harmonized changes in the synaptic connectivity of numerous neuronal and dendritic populations occurring both within and beyond motor cortex. Ours and previous results highlight that while in vivo imaging is an invaluable approach for examining the structural basis of experience-dependent plasticity, spine alterations occurring on the superficial apical branches of cortical pyramidal neurons provide only a small window into training-induced structural plasticity, which undoubtedly requires coordination with synaptic changes across diverse neuronal and dendritic populations.
